We extend a previously developed ultrafast ultrasonic technique [Gallot et al., Rev. Sci. Instrum. 84, 045107 (2013)] to concentration field measurements in non-Brownian particle suspensions under shear. The technique provides access to time-resolved concentration maps within the gap of a Taylor-Couette cell simultaneously to local velocity measurements and standard rheological characterization. Benchmark experiments in homogeneous particle suspensions are used to calibrate the system. We then image heterogeneous concentration fields that result from centrifugation effects, from the classical Taylor-Couette instability and from sedimentation or shear-induced resuspension.
We extend a previously developed ultrafast ultrasonic technique [Gallot et al., Rev. Sci. Instrum. 84, 045107 (2013)] to concentration field measurements in non-Brownian particle suspensions under shear. The technique provides access to time-resolved concentration maps within the gap of a Taylor-Couette cell simultaneously to local velocity measurements and standard rheological characterization. Benchmark experiments in homogeneous particle suspensions are used to calibrate the system. We then image heterogeneous concentration fields that result from centrifugation effects, from the classical Taylor-Couette instability and from sedimentation or shear-induced resuspension.
I. INTRODUCTION
Non-Brownian suspensions, where particles typically ranging in size from a few micrometers to over 100 µm are dispersed in a suspending fluid, encompass a wide range of natural and man-made materials. These include suspensions as diverse as mud, blood, paints, ice creams, and flour preparations, to name but a few. The flow behavior of such mixtures is known to raise both important practical difficulties and theoretical challenges [1] . In the case of hard-sphere-like particles, one of the most prominent results is the transition from a shear-thinning regime in dilute and semi-dilute suspensions to a strong shearthickening state for highly concentrated suspensions [2] . From the practical point of view, shear thickening often limits the processesing of industrial suspensions. It is also widely known that particles may migrate in suspensions under flow due to a large array of physico-chemical processes including gravity, pressure and shear gradients, hydrodynamic interactions, electric potentials and magnetic fields. Particle migration in turn affects the rheology of the suspension itself. Indeed, it has been recently invoked as a key factor at play in discontinuous shear thickening [3] . Shear-induced resuspension [4] is a classical example where a flow and a heterogeneous particle concentration field act on each other in a suspension. Such an interplay between flow and particle volume fraction is of great significance for various applications, e.g. solid-liquid separation in wastewater treatment of industrial slurries and in the food, cosmetics and pharmaceutical industries [5, 6] .
To fully characterize the dynamics of flowing particle suspensions requires experimental techniques that give access to both local concentration and velocity fields, especially when particle migration leads to inhomogeneous * brice.saint-michel@ens-lyon.fr suspension flows. Furthermore, when such techniques can be used simultaneously for rheological characterization, they provide crucial insights into the coupling between particle dynamics and the macroscopic flow behavior of the suspension. For transparent suspending fluids and large enough particles, as in the case of geophysical flows, direct particle tracking is possible [7] . However, suspensions of smaller particles are generally opaque for volume fractions above a few percent, so the optical investigation of denser systems generally involves more advanced techniques such as confocal scanning light microscopy [8, 9] or depolarized light scattering [10] . Moreover, light-based techniques can hardly be implemented for strongly light-scattering suspending fluids (e.g. milk). Magnetic resonance imaging offers an interesting alternative as it is accurate at any particle volume fraction whatever the turbidity of the suspending fluid [11, 12] . Still, this costly technique is tricky to couple with standard rheological setups and generally requires long integration times, limiting its use to slowly evolving systems.
In this paper, we demonstrate the feasibility of simultaneous rheology, velocimetry and local volume fraction measurement from ultrafast ultrasonic imaging. We extend a recently developed rheo-ultrasonic setup [13] to access the concentration field in non-Brownian suspensions subject to both homogeneous and heterogeneous flows. In Section II, we briefly review previous work on acoustic characterization of suspensions and recall the technical specifications of our ultrasonic scanner. We then detail our method for computing the local ultrasonic amplitude P across the gap of a Taylor-Couette device. Section III is devoted to the determination of the local volume fraction φ(r) from the acoustic amplitude maps P (r) and to the calibration of the system in homogeneous suspensions of particles made of various materials. Finally, in Section IV, we illustrate the possibilities of the technique on several heterogeneous flows in dilute and semi-dilute suspensions.
II. ACOUSTIC IMAGING IN SUSPENSIONS OF NON-BROWNIAN PARTICLES A. A brief review of acoustic characterization of suspensions
Suspensions of solid particles or of liquid droplets have been studied using acoustic techniques for more than two decades. A widely used technique is ultrasonic spectroscopy which consists in measuring the sound speed and the attenuation of ultrasound as a function of frequency [14] [15] [16] . Provided a model is assumed and/or some calibration step is performed, this technique leads to an estimate of the global suspension volume fraction φ 0 and even to the determination of some physical characteristics of the particles such as their size, their polydispersity or their elastic modulus [17, 18] . Applications of such acoustic measurements include the characterization of food products [19, 20] , emulsions [21] , or more recently clay suspensions [22] .
Since it relies on the continuous transmission of a harmonic ultrasonic wave, the information is integrated from the emitter to the receiver. Ultrasonic spectroscopy is thus only a global technique. In order to recover local information from ultrasound, one has to turn to "pulsed" techniques where short bursts of ultrasonic waves are sent through the suspension. When these pulses are reflected by the particles, they give rise to a collection of short echoes that can be recorded as a function of time by a receiver or by an array of receivers. If one can neglect the contributions of subsequent reflections of the singlyscattered waves by different particles, i.e. if multiple scattering can be neglected, the arrival times t of these echoes directly relate to the spatial position r (or "depth") of the particles along the acoustic beam through r = ct/2 where c is the sound speed of the suspension and the factor 1/2 accounts for the round-trip propagation. This time-space correspondence constitutes the basic principle of ultrasonic echography and the reader is referred to Ref. [23] for general technical information on the subject.
In the case of very dilute suspensions, individual particles can be counted and tracked from echographic images. If infinitely short ultrasonic pulses with negligible beam width could be sent and recorded as illustrated in the top panels of Fig. 1 , such tracking would remain possible whatever the volume fraction. However, in practice, the acoustic beam has a finite width which may encompass more than one scatterer at a given depth. Moreover, the pressure pulse itself has a finite temporal length and bandwidth. Therefore, when the volume fraction increases, reflections from the particles are no longer well separated in the temporal ultrasonic signals p(t): they rather form an "ultrasonic speckle" that results from the interference of the various waves scattered by the particles, as sketched in the bottom panels of Fig. 1 . This speckle can still be used to assess heterogeneities in a material, e.g. biological tissues in diagnostic imaging [23] , or to follow the particle displacement in a flow . An estimate of the local concentration can be computed by using the Hilbert transform of the speckle signal (thick red line) as long as multiple scattering remains negligible so that the time-space correspondence r = ct/2 is justified.
through Ultrasound Imaging Velocimetry (UIV) [24] , an acoustic equivalent of optical Particle Imaging Velocimetry (PIV) also known as Ultrasonic Speckle Velocimetry (USV) [25, 26] or echo-PIV [27] . UIV and its derivatives have proved successful not only for blood flow measurements [28, 29] but also for applications to hydrodynamics [30] , to rheology [13, 31] or to industrial situations involving optically opaque suspensions [32, 33] . These velocimetry techniques rely upon the measurement of local displacements through cross-correlation of successive speckle signals received after successive pulses are sent through the scattering material. Such data analysis is generally rather straightforward to implement thanks to standard post-processing algorithms. It easily provides robust velocity estimates as it is based on phase shift measurements which are not very sensitive to the signal intensity (as long as this intensity is large enough).
Analyzing the speckle intensity in order to recover quantitative local information on the particle volume fraction or on other material heterogeneities turns out to be more difficult. In the specific context of marine suspended sediments [34, 35] , the following semi-empirical relation has been established between the local volume fraction φ(r) and the root mean square backscattered pressure signal p rms (r) for large dilutions φ 0 0.01 and in the far-field of a plane acoustic transducer [36, 37] :
where p rms (r) is computed from an ensemble-average of the backscattered signal p(t) over several successive pulses -and thus over statistically different configurations of the particles-and by using the time-space correspondence r = ct/2. In Eq. (1), K 1 is a proportionality factor with dimension of Pa·m, the factor 1/r corresponds to the far-field divergence of the acoustic beam, and α(r) accounts for the attenuation of the ultrasound over the whole round trip from the transducer to distance r and back to the transducer. If attenuation can be neglected [i.e. if α(r) = 0], Eq. (1) indicates that p rms (r) is directly proportional to the square root of the local volume fraction, which simply expresses the fact that the backscattered waves contribute incoherently to p rms (r). More generally the ultrasonic attenuation can be divided into two terms, α(r) = α f + α p (r), where α f corresponds to the absorption coefficient of the ultrasound by the suspending fluid and α p (r) is the additional attenuation induced by the presence of suspended particles that "shade" the particles behind them due to scattering. This second source of attenuation is space-dependent and within a single-scattering approximation, it can be written as [36, 37] :
where r 0 corresponds to the position at which the ultrasonic beam enters the suspension and K 2 is a an intrinsic attenuation coefficient analogue to the molar attenuation coefficient of the Beer-Lambert law. Like K 1 in Eq. (1), K 2 depends on the fluid properties, on the type of particles and on temperature in a complex manner. The fact that the integral in Eq. (2) involves the local volume fraction itself seriously complicates the inversion of Eq. (1) in order to recover φ(r) in the general case of a heterogeneous suspension. Moreover, when the particle volume fraction in the suspension increases typically above a few percents, multiple scattering becomes predominant so that the time-space correspondence required for imaging the suspension is lost [38] [39] [40] . Besides, Eq. (1) is no longer valid if significant multiple scattering occurs. These difficulties probably explain why applications of ultrasonic imaging to study the local particle concentration in suspensions have remained very scarce until recent years [41] [42] [43] . In the following, we shall build upon a previous rheo-ultrasonic setup designed for local velocimetry of complex fluid flows within a concentric cylinder (Taylor-Couette, TC) geometry [13] to perform local volume fraction measurements. Multiple scattering is minimized by using a small-gap TC cell. By playing on the physical properties of the particles, we show that large volume fractions can be accessed, up to global volume fractions φ 0 0.4 in the most favorable case. Frame rates up to 20,000 fps are achieved thanks to plane wave imaging.
B. Ultrasonic imaging coupled to rheometry
The experimental setup used in the present study has already been described at length in Gallot et al. [13] and
e r e θ × γ, σ The suspension is confined within the gap e between two concentric cylinders, the rotor of radius R1 and height H (in black) and the stator of inner radius R2 = R1 + e (in grey). The rotation of the rotor is controlled by a stress-imposed rheometer (not shown) that measures the shear rateγ and the shear stress σ imposed to the suspension. The stator is immersed in a water tank and an ultrasonic array (in dark grey) emits plane ultrasonic pulses (in red) and records the echoes backscattered by the suspended particles.
is illustrated in Fig. 2 . It consists of a Taylor-Couette shear cell made of a static cylindrical cup of inner radius R 2 = 25 mm, hereafter referred to as the stator, and a smaller cylinder of radius R 1 = 23 mm and height H = 60 mm, called the rotor, whose rotation is driven by a standard stress-imposed rheometer (TA Instruments ARG2). The cylinder axis is aligned with the vertical axis e z , the radial and azimuthal directions following the classical e r and e θ unit vectors. The gap between the two cylinders is thus e = R 2 − R 1 = 2 mm. Temperature regulation at T = 25
• C is achieved using a water bath surrounding the TC cell. The cell is filled with different particle suspensions, as detailed below in Sect. III A and as listed in Table I . Thanks to a feedback loop on the torque applied to the rotor, this type of rheometer can impose a constant shear rateγ on the sample.
The sample is insonified with ultrasonic waves emitted by a linear array of 128 piezoelectric transducers stacked over 32 mm along the vertical direction and controlled by an ultrasonic scanner (Lecoeur Electronique Open S). The transducer array is immersed in the water bath which serves as an acoustic transmission medium. All transducers simultaneously emit a short pulse with central frequency 15 MHz and typical length of 3 acoustic periods, thus generating a pulsed plane wave that propagates along a vertical plane and crosses the sample at a given angle θ relative to the radial direction. This pulsed wave is scattered by the suspended particles and the corresponding backscattered speckle signal p(r, z) is recorded by each transducer and stored in the scanner 1 2 3
BeamForming
The three successive data processing steps involved for measuring local volume fractions in suspensions sheared in a Taylor-Couette device.
Step 1 is a beam-forming step, described in details in Ref. [13] , that allows one to go from the raw ultrasonic speckle signal p(r, z) to the beam-formed image pBF(r, z).
Step 2 consists of a signal envelope detection through a Hilbert transform (see Section II C).
Step 3 performs a sliding average over successive individual Hilbert maps P (r, z) and computes the local volume fraction φ(r, z) through table lookup in calibration plots as described in Section III C. In all the images, the abscissa r denotes the radial distance from the rotor and the ordinate z corresponds to the vertical distance with z = 16 mm taken roughly at the middle height of the Taylor memory for post-processing (see leftmost panel in Fig. 3 for a typical speckle signal). Our electronic device can send up to 20,000 pulsed waves per second, allowing ultrafast imaging of the sample [29] .
As detailed in Ref. [13] , further data processing of the speckle signal involves the removal of fixed echoes using a reference average speckle, followed by a parallel beam-forming step to deconvolve the signal of each channel. This first step, indicated as step 1 in Fig. 3 , leads to beam-formed images p BF (r, z) which can then be used in correlation-based algorithms to retrieve the velocity field component v θ (r, z) across the (e r , e z ) plane. Here r denotes the radial distance from the rotor so that r = e = 2 mm corresponds to the position of the stator (see dashed lines in Fig. 3 ). r is deduced from the speckle arrival time using the space-time correspondence already mentioned above and from prior determination of the positions of the cell walls and of the angle of incidence θ based on a calibration of velocity profiles measured in a very dilute (φ 0 = 0.01), Newtonian suspension of the test particles in the suspending fluid. This calibration requires one to measure the speed of sound c independently both in the suspending fluid (see Table I ) and in the suspension. Although c is known to increase with volume fraction [44] , it changes by at most 5 % for volume fractions up to 0.35, which leads to negligible corrections on the positions of the cell walls or on θ. Therefore, for a given suspending fluid and for a given type of particles, these parameters are kept constant and equal to those found for the very dilute case. The reader is referred to Ref. [13] for full technical details on step 1. The vertical resolution of the images is given by the pitch of the transducer array, δz = 0.25 mm, the longitudinal resolution δr corresponds to the acoustic wavelength λ = 0.1 mm, and the width of the ultrasonic beam within the gap of the TC cell is about 0.7 mm.
C. Processing of the speckle amplitude
Our previous work [13] was restricted to using the phase information of the beam-formed images p BF (r, z) through cross-correlation of successive images in order to recover the speckle displacement and hence the fluid velocity field. Here, our goal is to extend the technique by also processing the amplitude information conveyed by the backscattered signal. Indeed, as explained above in Sect. II A, the amplitude of p BF (r, z) carries key information on the local volume fraction. Rather than focusing on p rms , we compute the local speckle amplitude P (r, z) of every beam-formed image by using the Hilbert transform H(p BF ) of p BF along the variable r:
This constitutes step 2 in Fig. 3 and the resulting signal P (r, z) captures the envelope of the original oscillating signal, which to some extent reflects the amount of particles present locally in the TC cell. P (r, z) is further averaged over several successive pulses and used as an input for the determination of the local volume fraction φ(r, z). This last step is based on calibration experiments detailed below in Sect. III.
III. FROM ULTRASONIC SPECKLE AMPLITUDE TO LOCAL VOLUME FRACTION
In this section, we quantitatively link the local ultrasonic amplitude P (r, z) to the volume fraction in various homogeneous suspensions. This allows us to build a calibration database for specific suspending fluids and particles, before turning to the investigation of spatially heterogeneous particle distributions in Sect. IV.
A. Samples
In order to explore the influence of particle size and material, we focus on five different types of spherical particles: polystyrene spheres (Microbeads Dynoseeds TS-20 and TS-80, respectively referred to as "PS-1" and "PS-2"), polymethylmethacrylate spheres (Microbeads Spheromers CA-40, hereafter noted "PMMA"), glass spheres (Cospheric P2075SL), and polyamide spheres (Arkema Orgasol 2002 ES3 NAT3, noted "PA"). These particles show limited polydispersity so that we shall consider them as monodisperse in the following.
Since the physical properties of the suspending fluid also affect ultrasonic attenuation and scattering, we test three different fluids: distilled water, a 27 vol. % water-73 vol. % glycerol mixture (noted "H 2 O-Gly"), and a light mineral oil (Sigma Aldrich, CAS number: 8042-47-5). All particles could be easily dispersed in water or in water-glycerol mixtures except for the PA particles. Experiments on PA particles were therefore performed in light mineral oil. The physical characteristics of the various suspension constituents are gathered in Table I .
B. Benchmark experiments in homogeneous suspensions
Benchmark experiments for the five different particle types listed in Table I are presented in Fig. 4 , which plot the time-and z-averaged ultrasonic amplitudeP (r) of the suspensions across the Couette gap. In these experiments, for a given global volume fraction φ 0 , the suspensions are homogenized by first raising the rotor so that its bottom matches the fluid surface level and then rotating the rotor at a high shear rate (typicallyγ = 10 3 s −1 ). This produces a strong, turbulent mixing flow that is ν a ∆a/a ρ c Z • C: kinematic viscosity ν of the suspending fluids and diameter a of the particles together with an estimate of their polydispersity ∆a/a as indicated by the manufacturer, their density ρ, sound speed c and acoustic impedance Z = ρc. Data taken from the CRC Handbook of Chemistry and from the olympus.com website.
maintained for about 30 s, after which the rotor is lowered to its usual position, i.e. down to 100 µm from the stator bottom, while rotating at a constant angular velocity corresponding to the target shear rateγ = 20 s −1 . This shear rate is large enough to limit sedimentation through flow-induced resuspension but low enough to ensure that the flow remains laminar and purely tangential in all cases.
Reference experiments are first performed in the absence of particles, i.e. for φ 0 = 0, and the corresponding average speckle data is then subtracted to all subsequent speckle images. As explained in Ref. [13] , this procedure allows us to remove spurious fixed echoes that arise from reflections on the cell walls, on the bottom of the water tank and at the water surface, provided the sound speed remains constant in the material. The efficiency of this procedure and the level of electronic noise on speckle data can be assessed thanks to independent experiments at φ 0 = 0 (see the bottommost purple lines in Fig. 4) . The particle volume fraction is then systematically increased from φ 0 = 0.005 up to φ 0 = 0.4 by progressively adding weighted amounts of particles and mixing the suspensions again.
Ultrasound data acquisition starts with a pulse repetition frequency of 1000 pulses per second as soon as the imposed shear rateγ = 20 s −1 is reached. The ultrasonic amplitude P (r, z) is averaged over 1000 different speckle configurations. This corresponds to an acquisition time of 1 s, over which possible migration effects at the cell boundaries can be neglected. Since sedimentation is also negligible, we further average P (r, z) over the vertical direction z. Still, due to differences in particle size and acoustic impedance and/or in transducer gain, the absolute level of ultrasonic amplitude is not comparable from one type of suspension to the other. For a given particle type and suspending fluid, the transducer receiving gain is therefore adjusted to offer both a good sensitivity Table I . The amplitude level was scaled according to the specific transducer gain used for each particle type. The incident ultrasonic pulses propagate from the stator at r = e = 2 mm to the rotor at r = 0 (see dashed lines). From left to right: polystyrene spheres (PS-1, diameter a = 20 µm) in water, PMMA spheres (a = 40 µm) in water, glass spheres (a = 70 µm) in a 27 % vol. water-73 % vol. glycerol mixture, polystyrene spheres (PS-2, a = 80 µm) in water, and polyamide spheres (PA, a = 30 µm) in mineral oil. The color codes for the volume fraction φ0.
at low concentrations and a unsaturated speckle signal at high concentrations. This provides the time-and zaveraged amplitude profilesP (r) shown in Fig. 4 .
As expected, the general behavior ofP (r) with both r and φ 0 strongly depends on the particular suspension. We recall that r = 0 corresponds to the rotor and that r = e = 2 mm corresponds to the stator so that ultrasonic pulses propagate from the right to the left in the plots of Fig. 4 . In all cases, both walls are clearly identified. At the stator, the amplitude sharply decreases for r 1.9 and the stator is sometimes seen as a small maximum inP (r e) (see PS-1 and PS-2 at low concentrations). On the rotor side, a large increase of the amplitude is observed for r 0-0.1 mm, which signals the presence of the rotor whose reflection can never be perfectly cancelled out with the procedure described above.
We also note that the region whereP (r) increases close to the rotor tends to shift to larger values of r as the concentration is increased, typically above φ 0 0.2 (see PMMA and PA). This may be interpreted as the consequence of the increase of the sound speed with φ 0 , which leads to a smaller apparent gap size. Still, the fact that the rotor can be detected from speckle images is an indication that multiple scattering remains limited thanks to the use of a small-gap TC cell (see also discussion below in Sect. III D). To further check for multiple scattering and for the influence of the rotor on our measurements, we performed ultrasonic imaging in the absence of the rotor. The results, shown in Supplemental Figure 1 , allow us to conclude that, up to systematic artifacts that are probably due to fixed echoes that were not properly removed (see r 0.25 for PS-2 and r 0.5 for PA), we can confidently interpret the evolution ofP (r) with r and φ 0 as the signature of the local volume fraction φ(r) up to within 0.1 mm from the TC cell boundaries.
C. Calibration of local volume fraction measurements
For all particle types, the ultrasonic amplitudeP (r) is generally seen to decrease for decreasing r. This is a direct signature of the attenuation of the acoustic wave within the suspension. More precisely, for low volume fractions, the amplitude decrease is linear with r, which indicates that the attenuation remains small over the whole gap width, i.e. αe 1 in Eq. (1), and that acoustic propagation can be considered to be in the singlescattering regime. In this respect, PS-1 particles exhibit almost no attenuation since the amplitude profileP (r) remains almost flat up to φ 0 = 0.4. For other types of particles, the slope of theP (r) profiles significantly increases with the global volume fraction above φ 0 0.1 for PMMA and glass spheres and as soon as φ 0 0.03 for PS-2 and PA spheres. This indicates that the effective attenuation of the suspension increases with φ 0 but linearity implies that attenuation remains constant across the gap. Finally, for the latter two types of particles, P (r) strongly deviates from a linear profile at the largest volume fractions. Such exponentially decreasing profiles are characteristic of multiple scattering [39] .
Based on the above features of the ultrasonic amplitude, we may now proceed with calibrating the volume fraction from theP (r) profiles for which single scattering is a good approximation. For all suspensions, these profiles are fitted over their central region 0.3 r 1. Table 1 for parameter values. Bottom panel: ultrasonic amplitudeP (r, φ) obtained through the calibration process. The local volume fraction φ(r, z) can then be recovered from any measured P (r, z) by inverting the φ-P relationship at the corresponding radial position r. P (r) = P 0 exp[−α(e − r)], where the adjustable parameters P 0 and α both depend on φ 0 . This approximation corresponds to Eq. (1) with a space-independent attenuation coefficient α = 1/P dP /dr. In other words, thanks to the small gap of our Couette cell, the r-dependence in Eq. (2) can be neglected so that the attenuation coefficient is a function of the volume fraction only.
Calibration in the "ideal" case of PS-1 particles in water
The top panel of Fig. 5 shows the fit parameters P 0 and α found for PS-1 spheres suspended in water as a function of the global volume fraction φ 0 . The small values of α 0.05 mm −1 (i.e. αe 10 −1 ) confirm that the attenuation is negligible in this system up to surprisingly large concentrations φ 0 0.4. Moreover, the scaling P 0 ∼ φ The red dashed line is the best fit of α using Eq. (7). See Supplemental Table 1 for parameter values. In the bottom panel, the shaded area above the red line highlights the region of the (r, φ) plane where ∂P /∂φ r is negative. Above the white line,P (r, φ) at fixed r is no longer single-valued.
the following empirical form:
where p 0 and µ are two positive constants and the exponent ξ = 0.85 accounts for the deviation from the simple square-root scaling for volume fractions larger than a few percent. From Eq. (5) and by taking a constant value for α, defined as the average of all fitted values (see red dashes in Fig. 5 ), we may now interpolate the local ultrasonic amplitudeP (r, φ) for any value of r ∈ [0, e] and φ ∈ [0, 0.45] by usingP (r, φ) = P 0 fit (φ) exp[−α(e − r)]. The correspondingP (r, φ) map is shown in the bottom panel of Fig. 5 . Since this equation provides a bijective relation between P 0 and φ, it is straightforward to convert any measured ultrasonic amplitude P (r, z) into a local volume fraction φ(r, z) through:
In practice, the inverse function P −1 0 fit is solved for numerically.
Calibration in the general case
The previous suspension of PS-1 particles in water constitutes an ideal case where the attenuation is small and independent of φ. In general, however, α increases with φ such that amplitude profiles may cross each other. As the volume fraction is increased, this occurs for larger and larger ranges of values of r starting from the rotor side where the effect of attenuation onP is the largest. In other words, there is no longer a one-to-one correspondence betweenP (r) and φ. Rather, for a given radial position r,P (r) may go through a maximum with φ. At large volume fractions, this precludes the simple inversion used above in Eq. (6) .
Nevertheless, we found that Eq. (5) still provides good fits of the parameter P 0 as a function of the volume fraction for all types of particles. We also observed that the increase of the attenuation coefficient with volume fraction could be reasonably modelled as:
with either α 1 = 0 (which corresponds to a linear dependence of the Beer-Lambert type) or α 2 = 0 (which corresponds to a logarithmic dependence). The case where α 0 1 and both α 1 = 0 and α 2 = 0 corresponds to the ideal case found above for PS-1 particles. Fitting the parameters P 0 and α extracted from the amplitude profiles respectively to Eqs. (5) and (7) allows us to get a satisfactory analytical description of theP (r) data set as a function of φ 0 for all particle types. We then apply the same procedure as in the "ideal" case but we restrict the analysis to the range of r and φ for which φ can be unambiguously recovered from P (r, z) as illustrated in Supplemental Figure 2 .
The case of PS-2 spheres is shown in Fig. 6 while calibration parameters for PMMA, glass and PA particles are displayed in Supplemental Figure 3 . All fit parameters are gathered in Supplemental Table 1. In the case of PS-2 spheres, we find that the attenuation increases logarithmically with volume fraction as already reported in dense suspensions of glass beads [44] . However, due multiple scattering, the amplitude profiles quickly get nonlinear when the concentration is increased and, as soon as φ 0 0.09, the fits of theP (r) data become questionable as highlighted in red in the top panel of Fig. 6) . Moreover, for all radial positions r 0 ,P (r 0 , φ) exhibits a maximum at φ max (r 0 ) (see red line in the bottom panel of Fig. 6 ): one gets φ max 0.04 close to the rotor and φ max 0.09 close to the stator. Volume fractions lying beyond φ max (r 0 ) are shaded with red in the bottom panel of Fig. 6 . This implies that theP (r)-φ relationship is no longer single-valued and, for the range of volume fractions investigated here, theP (r)-φ relationship remains unambiguous only below the white line shown in the bottom panel of Fig. 6 . This strongly restricts the application domain of our calibration and values outside this domain will be tagged as "Not a Number" (NaN) values in the following. Finally, we note that the cases of PMMA and glass particles are intermediate between those of PS-1 and PS-2 spheres while PA particles show even more dramatic non-linearity than PS-2 spheres (see Supplemental Figure 3 ).
D. Potential improvements of the technique
As explained above, the most limiting factor that prevents a direct, quantitative correspondence betweenP and φ is the strong attenuation and non-linearity induced by multiple scattering. From a general point of view, scattering is more intense for large particles and for large acoustic impedance mismatch between the particles and the suspending fluid. Therefore, it is not surprising that the smallest particles (PS-1) and a limited impedance mismatch lead to less attenuation and give access to larger volume fractions than other suspensions made of bigger particles with larger impedance mismatch (see Table I ).
Multiple scattering is also obviously promoted by high particle volume fractions for which the ultrasonic mean free path is reduced due to the large number of interfaces between fluid and particles. In the strong scattering regime whereP (r) profiles get exponential, the ultrasonic propagation can be described as diffusive [38] and theoretical approaches of the multiply scattered signal could be used in the backscattering geometry to estimate the diffusion coefficient and the transport mean free path [40] . However, linking such quantities to the local volume fraction seems out of reach since local information is lost when multiple echoes dominate.
In the intermediate regime whereP (r) profiles remain linear but cross each other due to the increase of attenuation with volume fraction, we can ensure that multiple scattering remains limited by checking that the time-and z-averaged velocity profilesv(r) are linear atγ = 20 s −1 . Indeed, for such a laminar flow in a homogeneous suspension, significant deviations from linearity can only occur inv(r) through a breaking of the time-space correspondence due to multiple scattering. The fact that the echo from the rotor remains clearly visible in the raw speckle images also provides another check that single scattering is dominant. In such cases, one could probably extend the present calibration method by incorporating a space-dependent attenuation coefficient α(r) [see e.g. Eq. (2)] and by adopting an iterative method starting from the stator to invert the multi-valuedP (r)-φ relationship. Such an involved inversion method is, however, outside the scope of the present paper.
IV. CASE STUDIES
Based on the calibration method described in the previous section, we now turn to the investigation of suspensions where the particle distribution is spatially heterogeneous. We focus here successively on particle migration in laminar, unstable and turbulent Taylor-Couette flows, on sedimentation under shear, and on shear-induced resuspension.
A. Migration effects in cylindrical Couette flows
The cylindrical Couette flow generated by the present rheo-ultrasonic device provides a prototypical flow to test our technique for measuring local volume fraction. Indeed, shear flows of Newtonian fluid in TC geometry are well-known to display a classical sequence of various flow regimes from laminar flow to steady vortices to turbulence as the rotation speed of the rotor is increased [45] [46] [47] . The transitions between the various flow regimes are controlled by the Taylor number that quantifies the ratio of (destabilizing) inertia to (stabilizing) viscosity: Ta =γ 2 e 5 /ν 2 R 1 , where ν is the kinematic viscosity of the fluid.
A suspension of solid particles in a Newtonian fluid can still be considered as a Newtonian fluid as long as it is dilute enough enough, typically for volume fractions smaller than 5 % [48] . Therefore it follows the same flow sequence with the Taylor number. However, when the particles are not neutrally buoyant, they undergo flowinduced migration leading to a spatially heterogeneous volume fraction. In the following paragraphs, we use our imaging technique in dilute suspensions for various TC flows.
Laminar Couette flow
When the Taylor number is below a critical value, Ta < Ta c = 1712, the flow field u remains laminar and purely tangential u = u θ e θ . However, large, non neutrally-buoyant particles laden in the flow can migrate, and their velocity then reads v = v r e r + u θ e θ . In the simple case of a laminar Couette flow, flow-induced particle migration has two origins: particle inertia and inter-particle collisions. The first effect pushes particles denser (resp. lighter) than the fluid outwards (resp. inwards), whereas the second term originates from gradients of both local shear rateγ and particle volume fraction φ [49, 50] .
Migration is evidenced in Fig. 7 and Supplemental Movie 1 for PS-2 particles in a 27 vol. % water-73 vol. % glycerol mixture. A depleted region is clearly seen to expand from the stator as a function of time. The front velocity is about 3.5 µm·s −1 . Using a simple balance between particle inertia and viscous drag, the radial particle velocity is given by v r 2a 2 ∆ρu 2 θ /9R 1 η, where η is the dynamic viscosity and ∆ρ the density difference between the particle and the surrounding liquid. With a mean orthoradial velocity of the order of eγ/2, the above prediction leads to 3.7 µm·s −1 , which is in good agreement with the experimental value. Long after the last panel of Fig. 7 , the local particle volume fraction eventually reaches a heterogeneous steady-state fixed by a balance between migration, boundary effects and interparticle forces [51, 52] .
Additional particle concentration heterogeneities are visible along the z-direction. The observed general de- creasing trend of φ(z) with increasing z is expected since the particles are less dense than the suspending fluid and should ultimately cream to the top of the TC cell. The slight apparent vertical stratification is however more surprising as the Taylor number forγ = 200 s −1 in the water-glycerol mixture considered here is Ta 400, which should be low enough to exclude any flow instability. Longer experiments under similar conditions have ultimately led to the formation of "ring" patterns, whereas imposingγ = 20 s −1 did not show any stratification. The origin of this phenomenon would probably deserve more attention in future work.
Finally, by averaging over the z-direction, we can check that the estimated local volume fraction is consistent with the global amount of particles φ 0 = 0.5 %, at least for t = 4 and 80 s (see bottom panels of Fig. 7) . For longer times, patches where the local volume fraction is not accessible lead to an underestimation of the z-averaged φ but the migration front is still clearly detectable. Left image: volume fraction map φ(r, z) (dark red and "N" in the color bar corresponds to "Not a Number" outputs from the calibration procedure) together with its local averages for r 0.2 mm (left, in red) and r 1.8 mm (left, in black) and the z-averageφ (r) (bottom). Right image: velocity field v(r, z) together with its local averages for r 0.2 mm (right, in light blue), all r values (right, in black) and r 1.8 mm (right, in red) and the z-averagev(r) (bottom). The global particle volume fraction is φ0 = 2 %. The ultrasonic data were time-averaged over 10,500 successive acquisitions performed within 1.8 s.
Steady Taylor vortex flow
When the Taylor number is increased above Ta c , the laminar flow gives way to the Taylor vortex flow (TVF) [45, 46] where pairs of counter-rotating vortices stacked along the vertical direction superimpose to the base tangential flow. In the presence of particles, this unstable yet steady flow induces a complex migration pattern. Figure 8 shows the combined volume fraction and velocity measurements performed at steady state in a dilute suspension of PMMA particles in a water-glycerol mixture in the presence of cesium chloride (CsCl) for a Taylor number Ta Ta c . The velocity field displays oscillations in the z-direction that are typical of TVF as already reported elsewhere [13, 53] . In particular, the oscillation period is about 4 mm which corresponds to the expected distance 2e between two pairs of vortices.
Moreover, in the present case, where particles (with density ρ p = 1200 kg m −3 ) are lighter than the suspending fluid (with density ρ f ≈ 1300 kg m −3 ), we expect particle migration towards the center of the Taylor vortices promoted by inertial centripetal forces due to the steady vortex rotation. The volume fraction map φ(r, z) shown in Fig. 8 indeed exhibits a heterogeneous particle distribution in the presence of TVF: stratification along the z-direction is clearly visible with a characteristic spacing of about 2 mm between more concentrated bands. The z-average volume fraction is consistent with the global volume fraction φ 0 = 2 %. However, the maxima in particle volume fraction do not match the centers of the vortices (i.e. the nodes of the velocity field along z) but rather coincide to the edges of the vortices (i.e. to the extrema of the velocity field along z).
In the extreme case of bubbles suspended in a TVF (ρ p /ρ f 1), experiments and simulations have shown migration towards the centers of the vortices leading to the formation of characteristic horizontal bubble strings [54, 55] . Numerical simulations of suspensions with ρ p /ρ f 1 also imply that particles fall in retention zones located around the centers of the vortices [56, 57] . The current lack of experimental or numerical results for ρ p /ρ f 1 and for particle size relative to the gap similar to ours make it difficult to draw a definite conclusion on the observed migration towards vortex edges.
Turbulent Taylor vortex flow
For very large Taylor numbers, a turbulent Taylor vortex flow (TTVF) state is reached where pairs of vortices exist only in a statistical sense with a wavelength that differs from 2e [46] . The turbulent instantaneous velocity field is characterized by strong velocity gradients and fluctuations so that it is difficult to neglect any term in the momentum balance of one particle in the flow [58] . Integrating the equations of motion therefore requires a very detailed knowledge of the instantaneous flow that is not accessible using our experimental technique. Conversely, particles may affect the Taylor vortex flow, as reported for volume fractions φ 0 down to 1 % [59] . Figure 9 reports the results of rheo-ultrasonic imaging in a dilute suspension of PS-2 particles in water for a Taylor number Ta 3.5 × 10
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Ta c . Several turbulent vortices are well visible in the velocity field and show up in the concentration map as D-shaped zones of nearly homogeneous concentration. Outside these zones, close to the stator, the rest of the flow is almost devoid of particles. PS-2 particles are slightly denser than the surrounding fluid: in this case, applying the same arguments as in Sect. IV A 2 on the average flow, particles should be slowly attracted to the limit cycle surrounding the center of the Taylor vortices as described in [57] , which is in qualitative agreement with our observations. We also hypothesize that turbulent velocity fluctuations enhance particle diffusion and promote mixing within the vortices leading to more homogeneous concentration fields.
B. Sedimentation tracking
In this second set of experiments, we use the timeresolved capacities of our technique to investigate the sedimentation of dense particles. Starting from a homogeneous suspension of volume fraction φ 0 , sedimentation proceeds through the creation of three layers of spatially constant concentrations: the clear fluid (φ = 0), the bulk suspension (φ(r, z) = φ 0 ) and the sediment, considered loosely packed at some volume fraction φ * . These layers are separated by two sharp fronts where the concentration abruptly changes [48, 60] . Following Ref. [60] , the velocity v s of the first front decreases with the initial volume fraction φ 0 as:
where v St = 2∆ρga 2 /9νρ f is the Stokes velocity and the constant k is set to 4.6 to be compatible with the effective Mixing is stopped at t = 0 after which a zero shear rate is applied. The white dashed line in the bottom image shows the limit of the sediment that progressively grows from the bottom of the cell. For a given time t, ultrasonic data were averaged over 10 successive acquisitions performed within respectively 1.25 and 1.66 s. The graph in the inset shows the settling velocity vs normalized by the Stokes velocity vSt as a function of φ0 together with the theoretical prediction from Mills and Snabre [52] .
suspension viscosity determined by Batchelor [61] . Figure 10 shows spatio-temporal diagrams of the local volume fractionφ(z, t) averaged over r as a function of vertical position z and time t after mixing for two initial volume fractions. These diagrams clearly highlight the dynamics of the front separating the clear fluid (where φ 0, in dark blue) from the bulk suspension. As expected, the concentration below the clear fluidsuspension front remains uniform and equal to the initial volume fraction. In addition, the experimental value of the velocity v s is in good agreement with the prediction of Eq. (8), as already reported for experiments up to φ = 0.57 [60] .
Moreover, for the larger concentration φ 0 = 0.15, the second front separating the suspension from the sediment [where φ(r, z) cannot be quantitatively estimated, in dark red in the bottom panel in Fig. 10 ] is also visible: the sedimented particles accumulate at the bottom of the container located at z 40 mm and enter the field of view of the ultrasonic probe for t 280 s. The settling time of the suspension, which corresponds to the intersection of the two fronts, can be estimated as t 630 s. This time can be computed theoretically based on Ref. [60] by considering the velocity of the two concentration fronts, v s given by Eq. (8) and v * = v s (φ/φ * )/(1−φ/φ * ) which is inferred from a mass balance. This yields a sedimentation time t = H/(v s + v * ) = 590 s that is in good agreement with the observed settling time.
C. Resuspension under shear
While sedimentation or viscous resuspension by a laminar Couette flow are rather slow processes [4, 62] , resuspension by a turbulent flow is a much faster transient phenomenon. Figure 11 shows that our imaging technique can capture the resuspension of PS-1 particles by a turbulent TC flow thanks to the high repetition rate of ultrasonic pulses. Time-resolved concentration maps under a high shear rateγ = 500 s −1 display the progressive invasion of the turbulent vortices by particles (see also Supplemental Movie 2). In the steady state (similar to Fig. 9 ), the particle concentration remains almost homogeneous in each turbulent vortex, concentration gradients being the largest at the interfaces between vortices which are more difficult to cross. Therefore, in the case of Fig. 11 , a homogeneous state is not reached after 3.6 s and the upper part of the cell is eventually filled with particles on longer time scales.
V. CONCLUSION
In this paper, we have demonstrated the possibility of time-resolved local particle concentration measurements under shear in a Taylor-Couette cell, based on an ultrafast rheo-ultrasonic device that provides additional simultaneous access to local velocity and standard rheological data. Quantitative concentration measurements require an extensive calibration procedure of the backscattered ultrasonic amplitude. This procedure involves an exponential approximation of the amplitude profiles P (r) to define a maximum acoustic amplitude P 0 and an attenuation coefficient α. These parameters are subsequently modeled analytically in order to invert the relationship between the backscattered intensity and the local particle concentration. The maximum accessible volume fraction strongly depends on the particle size and type and ranges from a few percents up to concentrations close to jamming in the most favorable cases. The linear approximation for P (r) fails when multiple scattering is present and/or when the attenuation becomes too high, resulting in non-linear acoustic intensity profiles for concentrated suspensions and in sediments.
Our device was used to assess various heterogeneous concentration fields of particle suspensions in Newtonian fluids. We have shown that shear-induced migration along the radial direction could be characterized in a laminar Couette flow, as well as non-trivial particle distributions in both steady and turbulent Taylor vortex flows. Thanks to the high temporal resolution of plane wave ultrasonic imaging, sedimentation and shear-induced resuspension processes can also be studied on time-scales down to 10 ms. Further applications of the technique include the investigation of opaque suspensions of industrial interest, e.g. for food processing and waste water management. From a fundamental point of view, it will also be applied to the understanding of particle migration in viscoelastic suspending fluids under shear, for instance in the presence of elastic or shear-banding instabilities. At rest, the sediment (in dark gray) extends from the lower end of the ultrasonic beam down to the bottom of the container. When a shear ratė γ = 500 s −1 is applied, a turbulent Taylor vortex flow sets in and particles progressively fill the vortices (see shades of gray). Center panels: Concentration maps φ(r, z) for t = 0.8 s, t = 1.6 s, t = 2.4 s, t = 3.6 s from left to right. Bottom panels: corresponding r-averaged volume fractionsφ(z). For each concentration map, ultrasonic data were averaged over 1,000 successive acquisitions performed within 0.05 s. See also Supplemental Movie 2.
